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(54) CALIBRATION OF A SENSOR ARRANGEMENT

(67)  The invention provides a method for calibrating
a sensor arrangement (1) . The method first obtains (SI)
environment data by at least two sensors of the sensor
arrangement. Further, surface points are determined
(S2), which are part of a flat surface, in the obtained en-
vironment data separately for each sensor of the sensor
arrangement. Then the method fits (S3) planes through
the determined surface points, separately for each sen-
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sor of the sensor arrangement. Furthermore, the meth-
ods determines (S4), for each sensor of the sensor ar-
rangement, coordinates of intersection points, at which
three different planes intersect. Finally, the sensor ar-
rangement is calibrated and extrinsic parameters of the
sensors are determined by matching corresponding in-
tersection points.
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Description

[0001] Theinvention relates to a method for calibrating
a sensor arrangement, a sensor arrangement, a vehicle
comprising the sensor arrangement, a computer pro-
gram element and a computer-readable medium.
[0002] In a modern vehicle a plurality of sensors are
installed or mounted onto the vehicle to support a driver
of the vehicle during driving. To achieve a proper func-
tionality of the sensors, these may be calibrated in view
of the vehicle coordinate system (main coordinate sys-
tem), such that the obtained data of each one of the sen-
sors may be compared to each other or that the obtained
data may be combined. Further, also LIDAR sensors may
be used in vehicles for different applications and in most
cases the extrinsic parameters of the sensor within a sys-
tem should be defined. The common approach to cali-
brate and therefore to determine extrinsic parameters is
to use predefined targets, pattern or markers.

[0003] It maybe anobjectto provide an efficient sensor
calibration.
[0004] The object is solved with the subject matter of

the independent claims, wherein further embodiments
are incorporated in the dependent claims.

[0005] Some calibration methods may not be flexible
and may depend on other sensors and/or defined targets,
pattern or markers to calibrate a sensor arrangement. It
may be advantageous to use the sensors of the sensor
arrangement to gather ground truth information to cali-
brate the sensor arrangement. Sensors may be inde-
pendently calibrated to avoid a bias towards any other
sensor within the system. Further, the calibration may be
also flexible as the configuration, for example the position
of the sole sensors, of the sensor arrangement may be
changed quickly. It may not be convenient to spend time
mounting targets around the system to calibrate the sen-
sors every time the configuration of the sensor arrange-
ment is changed.

[0006] A first aspect provides a method for calibrating
a sensor arrangement, in particular the sensor arrange-
ment consists of LIDAR sensors. The method comprise
the following steps:

- obtaining environment data by at least two sensors
of the sensor arrangement;

- determining surface points, which are part of a flat
surface (in reality), in the obtained environment data,
separately for each sensor of the sensor arrange-
ment;

- fitting planes through the determined surface points,
separately for each sensor of the sensor arrange-
ment;

- determining, for each sensor of the sensor arrange-
ment, coordinates of intersection points, at which
three flat planes intersect;

- calibrating the sensor arrangement and determining
extrinsic parameters of the at least two sensors by
matching corresponding intersection points.
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[0007] The obtained environment data may be depth
information or data or a depth image, i.e., a distance be-
tween different objects and the sensor. Such depth in-
formation may be obtained by a LIDAR sensor, a RADAR
sensor or an ultrasonic sensor. The obtained environ-
ment data comprises distance information, i.e. depth in-
formation, depending from a scanning angle, as well as
the coordinates of the point in space (3D coordinates in
Cartesian coordinates, e.g. x-, y- and z- value) which
reflects the signal of the sensor. Thus, it should be noted
that each sensor is able to determine depth information
in cylindrical coordinates as well as points in space in
relation to the sensor coordinate system which is in Car-
tesian coordinates. Further, it should be noted that based
on the obtained environment data (single points and the
distance to these points) a function of the depth over the
scanning angle is determined. Further, this function may
be calculated for each layer of the sensor of the sensor
arrangement separately. Since the sensor may comprise
16 layers, 16 laser beams scanning the scene at the
same time and therefore, 16 functions may be calculated.
Further, each of this calculated functions may be deri-
vated according to the depth to determine surface points
in the data obtained in this particular layer. This function
is useful to reduce noise in the environment data as well
as to calculate the first derivative according to the depth
later on. Furthermore, the used LiDAR sensor maybe are
360° LiDAR sensors, which comprise an array of sensors
each of which scans another layer, i.e. in another height.
The layers of the sensor are one above the otherin height
direction (Z-axis). Also the each of the sensors of the
sensor arrangement may produce further measurement
data such as time of flight or reflection intensity. However,
LiDAR sensors and their produced measurement data
are well known in the art.

[0008] According to an embodiment, robust features
in the scene (i.e. the obtained or acquired image) are
obtained by at least two sensors of the sensor arrange-
ment, for example a LiDAR sensor. Further, the features
are also identified as such, wherein the features in the
scene may be used to calibrate the sensor arrangement
and therefore to determine the extrinsic parameters of
the sensors. The features may be walls or ceilings, which
usually are flat surfaces. The calibration itself may be
performed using a minimization algorithm, for example
the Levenberg-Marquardt algorithm or minimizing the
root means square. For calibrating the sensors of the
sensor arrangement, each one of the sensors may per-
form one or more of the following steps separately:

- Filter the obtained environment data to reduce noise
in the obtained data. Further, the filtered obtained
environment data is represented by a function of the
depth over the scanning angle of the LiDAR sensor.

- Determine surface points, which are part of a flat
surface, for example by calculating the first derivative
according to the depth of this function. Thus, calcu-
lating the direction derivative according to the depth
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of the obtained function representing the depth over
the scanning angle for each layer of the sensor of
the sensor arrangement. The sections of the function
only small changes in depth or the section of the
function with constant changes of the depth are flat
surfaces in reality. By calculating the first derivative
of the function according to the depth, the sections
of the function indicated above resulting in a low val-
ue (close tozero) in the first derivative orin a constant
value. Therefore, by calculating the first derivative
according to the depth, outliner points of the function
may be easily determined and adjacent points with
low value or the same value are likely to be points
of a common flat surface, such as a wall or a ceiling.
It should be noted that since LIDAR sensors use laser
beams from a source, the distance to a flat surface
in front of the LIiDAR is not constant and therefore
the deviation of the function is not equal to zero but
close to zero. Thus, the derivative according to the
depths is calculated

to determine whether the section of the function
and/or a single point of this function is part of a flat
surface in the scene or not.

[0009] Further, the determined surface points may be
used to define different planes. In other words, different
planes are fitted through the determined surface points.
Thus, planes are fitted thought the points that are iden-
tified as being surface points. As indicated above, the
sensor also determines the coordinates of the points re-
flecting the signal of the sensor in Cartesian coordinates
(3D-coordinates), such that based on these Cartesian
coordinates the fitting of the planes may be performed.
Further, if a plane is fitted through some surface points,
it is subsequently checked whether other surface points
are in this plane or not. It should be noted that a plane
may be defined by three points in space, but a plane in
the sense of the present invention should be defined by
multiple points. The first derivative determines 3D points
that may be are good candidates to be in a planar surface
in the scene. The plane fitting groups 3D points that are
in the same planar surface. Further, a plurality of planes
are fitted through the surface points. In particular, the
described method may need multiple walls or ceilings in
the environment data to fit multiple planes through the
surface points of the walls or ceilings. All intersection
points, where three planes intersect, may be calculated
based on the defined planes, wherein the intersection
points may act as reference points. Further, the intersec-
tion points may be determined by calculating the inter-
section point between every possible combination of
planes and subsequently review whether the calculated
intersection point is part of the real world and not too far
from the sensor arrangement (intersection points in the
underground or at infinity are not respected). The cor-
rectness of the intersection points is verified mathemat-
ically. For doing so it may first be check if the point con-
verges to infinity, further a threshold for the distance be-
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tween the sensor and the point may be defined, which
should not be exceeded, and last the null space of the
points may be analysed. Alternatively, first the null space
of the plane may be first analysed. If that passes, the
intersection points are calculated and the points within
the predefined distance threshold are kept for further per-
forming the calibration method. Further, if a plane repre-
sents a wall or a ceiling the intersection point should not
lie behind this plane in view of the sensor arrangement
as than the intersection point may not be visible in reality.
It should be noted that the intersection points should be
corners in reality where walls and a ceiling interconnect.
Thenthereference points may be filtered to reduce noise.
[0010] Inasubsequent step, for all sensors of the sen-
sor arrangement, the calculated intersection points are
transformed into the vehicle coordinate system (Carte-
sian coordinates) and the corresponding intersection
points are matched. Further, a minimization algorithm
may be used to minimize the errors in the extrinsic pa-
rameters of the sole sensors, such that the corresponding
intersection points of the different sensors of the sensor
arrangement are as much as possible at the same posi-
tion in the vehicle coordinate system (main coordinate
system). In other words, the sensor arrangement may be
calibrated by minimizing the error between the corre-
sponding intersection points of the at least two sensors
of the sensor arrangement.

[0011] Further, normally the position of the sensors of
the sensor arrangement in view of each other is roughly
known in advance such that this information can be re-
spected during determining the intersection points and
during calibrating the sensor arrangement by matching
the corresponding intersection points.

[0012] It should be understood that before and here-
inafter described method needs more than three planes
inthe determined environmentdata. Therefore, the meth-
od is preferably performed within a building such as a
garage or a storehouse.

[0013] Further, it should be understood that the term
"surface points" describes points in space which belong
to a flat surface in reality, such as a wall or a ceiling.
[0014] It should be noted that the term "depth" should
be interpreted as distance from the sensor to an object,
such as a wall or a ceiling, which reflects the laser beam
of the LIDAR sensor. And der LiDAR sensor determines
at the same time the depth and the 3D coordinate (Car-
tesian coordinate in the sensor coordinate system) of the
point reflecting the laser beam.

[0015] Three planes may intersect all in one single
point in space if the planes are not parallel to each other.
Thus, a set of intersection points as reference points may
be defined, which are consistent with the acquired scene,
e.g. are corners and edges of a building.

[0016] The extrinsic parameters of the sensors may be
a translation in x direction, a translation in y direction, a
translation in z direction, a rotation around the x axis, a
rotation around the y axis and a rotation around the z
axis in view of the vehicle coordinate system (main co-
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ordinate system), all of which are defined in Cartesian
coordinates.

[0017] The method for calibrating may be automatic,
fast, reliable and may only require a rough initial config-
uration of the sensors of the sensor arrangement. Fur-
ther, the calibration is flexible, as it does not require any
specific targets, pattern or markers, since it uses the 3D
structure of the obtained or acquired scene, and in par-
ticular, walls, ceilings and corner points. Thus, the cali-
bration may be performed indoors using the walls and
ceiling of the building as reference, but it can also be
performed outdoors as long as sufficient planar struc-
tures are present in the obtained scene.

[0018] This may provide a fast and simple way to cal-
ibrate a plurality of sensors, such that the acquired or
obtained data of each one of the sensors may be con-
verted into the vehicle coordinate system (main coordi-
nate system, in Cartesian coordinates). Thus, the cali-
bration may determine the extrinsic parameters of each
one of the sensors relative to the vehicle coordinate sys-
tem. Thus, the by the sensors obtained objects may be
transformed from the sensor coordinate system into the
vehicle coordinate system.

[0019] The sensors of the sensor arrangement may
comprise a plurality of layers, forexample 16 layers. Each
of the layers may cover a certain part in vertical direction.
Further, the layers may comprise different densities,
therefore it may be more difficult to match the points be-
tween sensors or between time frames or between the
sensors and a camera. Further, the above and hereinaf-
ter described method may be performed layer by layer
of the sensors of the sensor arrangement.

[0020] An image of a LiDAR sensor may be acquired
over a certain time span, as typically a LIDAR sensor
scans the environment circular starting at a position and
going around (for example clockwise) to acquire aimage
of the environment, for example a 360° image or an 180°
image. The opening angle in a vertical direction may be
limited, for example 16°. Therefore, different layers of the
LiDAR sensors may cover the vertical direction. Further,
LiDAR sensors also determine the 3D coordinates (x-,
y- and z-coordinate) of the point in space at which the
laser beam is reflected. Thus, the point in space which
reflects the signal of the sensor is known in Cartesian
coordinates in view of the sensor coordinate system.
[0021] It should be noted that the sole sensors of the
sensor arrangement should have at least a part of an
overlapping field of view, such that intersection points
are obtained by more than one sensor of the sensor ar-
rangement at a given time.

[0022] Furthermore, the sensors may be configured to
obtain up to 360°. Thus, the surface points may be de-
tected by atleast two sensors of the sensor arrangement.
[0023] It should be noted the intersecting points, de-
fined by three intersecting planes, are physically (i.e. in
reality) at the same position, as they represent corners
and edges in the real word. Thus, for all the sensors, the
intersection points should be at the same position in view
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of the vehicle coordinate system. Therefore, the deter-
mined coordinates of the intersection points from each
sensor may be matched by amending or adjusting the
extrinsic parameters of each one of the sensors, which
will lead to a calibration of the sensors of the sensor ar-
rangement.

[0024] The preceding and hereinafter described meth-
od for calibrating a sensor arrangement may be applied
to a variety of different sensors, such as LiDAR sensors,
ultrasonic sensors, radar sensor and/or a combination
thereof.

[0025] According to an embodiment of the invention
the method comprises the following steps:

First, environment data is obtained by a plurality of sen-
sors of the sensor arrangement, i.e. depth images. The
points of such a depth image may be described using
Cartesian coordinates. Further, also the depth, thus the
distance to the point from the sensor, is part of the envi-
ronment data. Furthermore, the depth images may be
easily converted into the vehicle coordinate system (main
coordinate system for all sensors of the sensor arrange-
ment).

[0026] Subsequently,ineachdepthimage of eachsen-
sor, surface points are determined. These surface points
may be part of a flat surface in reality, such as a wall or
a ceiling. For determining the surface points, a function
may be calculated which represents the depth over the
scanning angle of the sensor. This function is subse-
quently deviated according to the depth to determine the
surface points which have low values in the derivation.
[0027] Further, a plurality of planes are fitted through
the surface points. These planes should represent walls
or ceilings in reality.

[0028] Furthermore, intersection points, at which at
least three of the fitted planes intersect with each other,
are determined. The intersection points are determined
for each sensor separately. Also every possible intersec-
tion point between three determined planes is calculated
and subsequently it is checked whether this intersection
point is also present in the real word (not in the under-
ground, at infinity or behind a determined wall or ceiling
in view of the sensor of the sensor arrangement). These
intersection points may represent corners in reality.
[0029] Last, the determined intersection points of dif-
ferent sensors of the sensor arrangement are matched
to calibrate the sensors of the sensor arrangement in
view of each other.

[0030] According to an embodiment, the step of deter-
mining the surface points in the obtained environment
data comprises calculating the first derivative according
to the depth of the obtained environment data, wherein
the obtained environment data is represented by a func-
tion of the depth over a scanning angle of the sensor-
arrangement. This function may be determined for each
layer of the sensor of the sensor arrangement separately.
[0031] For determine surface points, which are part of
aflat surface, the function of the depth over the scanning
angle representing the obtained environment data may
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be differentiated according to the depth. By doing so,
adjacent points of the function, which are part of the same
flat surface show a constant or a small value . Thus, all
points, which derivation is small (close to zero) may be
a part of a flat surface, such as a wall or a ceiling of a
building.

[0032] According to another embodiment, before the
step of determining the surface points, the obtained en-
vironment data is filtered to reduce noise in the obtained
environment data and the function of the depth over the
scanning angle is obtained.

[0033] Thus, to sorting out unplausible low or high
measurement values (depths or distances) in the ob-
tained environment data, the obtained or acquired data
may be filtered.

[0034] According to an embodiment, the step of cali-
brating extrinsic parameters is performed by minimizing
the root means square of an error of the corresponding
intersection points in the vehicle coordinate system.
[0035] Thus, for minimizing the error between the in-
tersection points of the at least two sensors, the root
means square may be calculated and minimized by
amending or adjusting the extrinsic parameters of the
sensors. Then the result shows a minimized error and
therefore, an optimized calibration.

[0036] According to an embodiment, the step of cali-
brating extrinsic parameters is performed by minimizing
the errors of the corresponding intersection points with
the aid of the Levenberg-Marquardt algorithm.

[0037] Besides the root means square, also the Lev-
enberg-Marquardt algorithm may be used to minimize
the error between intersection points of the sole sensors
in the vehicle coordinate system. According to another
embodiment, the sensor of the sensors arrangement
comprise multiple layers, wherein the method is per-
formed separately for each layer of the sensors.

[0038] The field of view of one sensor of the sensor
arrangement may be fragmented in the vertical direction.
This fragments may be denoted as layers. Each of the
layers may cover a certain part in vertical direction, i.e.
16°. Further, the layers may also comprises overlapping
areas in the vertical direction.

[0039] If the sensors comprises multiple layers, the
method may be performed separately for each layer, and
for each layer of the sensor the extrinsic parameters are
determined by minimizing the error between the matched
corresponding intersection points.

[0040] Anotheraspect provides a sensor arrangement
for a vehicle. The sensor arrangement comprise at least
two sensors, for example LiDAR sensors, and a control
module. The control module is configured to calibrate the
sensor arrangement and to determine the extrinsic pa-
rameters of the at least two sensors according to the
method described above and hereinafter.

[0041] The sensor arrangement may comprise two or
more sensors and these sensors may be calibrated such
that the value from one of the sensors may be transferred
to the vehicle coordinate system or complemented by
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one of the other sensors. This object may be achieved
by performing the above and hereinafter described meth-
od.

[0042] According to an embodiment, each one of the
sensors comprises multiple layers, and wherein the con-
trol module is configured to calibrate the sensors layer
by layer.

[0043] Inanotheraspect, avehicle comprising the sen-
sor arrangement is provided.

[0044] The vehicle may, for example, be a motor ve-
hicle, such as a car, bus or truck, but also a ship, a boat,
an aircraft or a helicopter.

[0045] According to another aspect, there is provided
a computer program element controlling a sensor ar-
rangement as previously described which, in the compu-
ter program element is executed by a control module, is
configured to perform the method steps as previously
described.

[0046] Thereis also provided a computer readable me-
dium having stored the computer element as previously
described.

[0047] The above aspects and examples will become
apparent from and be elucidated with reference to the
embodiments described hereinafter.

[0048] Exemplary embodiments will be described in
the following with reference to the following drawings,
which are diagrammatic and not to scale:

Fig. 1 shows a vehicle in the top view with a sensor
arrangement according to an embodiment.

Fig. 2 shows a vehicle in a side view with a sensor
arrangement according to an embodiment.

Fig. 3 shows a flow diagram of a method for calibrat-
ing a sensor arrangement according to an embodi-
ment.

Figs. 4a to 4c shows a diagram of obtained surface
points and detected wall by one sensor of the sensor
arrangement according to an embodiment.

Fig. 5 shows a diagram with fitted planes through
the surface points of one sensor of the sensor ar-
rangement according to an embodiment.

Fig. 6 shows a diagram, in which planes are fitted
through the surface points according to an embodi-
ment.

Fig. 7 shows a plurality of diagrams generated from
the obtained environment data of a sensor of the
sensor arrangement according to an embodiment.

Fig. 8 shows further diagrams illustrating the
processing of the obtained environment data accord-
ing to an embodiment.
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[0049] Fig. 1 shows a vehicle 2 with a sensor arrange-
ment 1. The sensor arrangement 1 comprises four sen-
sors 11,12, 13, 14, for example LiDAR sensors, wherein
in each corner of the roof of the vehicle 2 a sensor 11,
12, 13, 14 is arranged. These sensors 11, 12, 13, 14
have to be calibrated in view of the vehicle coordinate
system and/or in view to the other sensors of the sensor
arrangement 1 or the vehicle 2. In particular, the extrinsic
parameters of the sensors 11, 12, 13, 14 have to be de-
termined, amended and/or adjusted in view of the vehicle
coordinate system to calibrate the sensor arrangement
1. During the calibrations, the positions and the orienta-
tion of the coordinate systems of each one of the sensors
11,12, 13, 14 are determined and adjusted in view of the
vehicle coordinate system. By doing so, measurement
values, such as depth or distance, of each sensor 11,
12,13, 14 may be compared and/or combined to another
sensor 11, 12, 13, 14 of the sensor arrangement 1. The
calibration may be performed based on a method, which
starts with a rough estimation of the position and orien-
tation of each one of the sensors 11, 12, 13, 14. Then
each one of the sensors obtains environment data, such
as depth data (distance from the sensor to the object
which reflects the laser beam of the sensor) of the envi-
ronment as well as 3D coordinates of the points in space
atwhich the laserbeam is reflected. Further, the obtained
data may be filtered to reduce noise in the obtained data
and a function of the depth over or dependent of the scan-
ning angle is determined. In the obtained data, surface
points, which are part of a flat surface, are determined.
The surface points may be determined by calculating the
first derivative (differentiate according to depth) of the
function of the depth over the scanning angle , as the
difference in depth between two adjacent points of acom-
mon flat surface is small or constant (close to zero) .
Through these determined surface points a plurality of
planes are fitted, which represent the surface, for exam-
ple a wall or a ceiling. The intersection points of the
planes, atwhich three planesintersectin one single point,
may be determined separately for each sensor 11, 12,
13, 14 and may be used as reference points for calibrating
the sensor arrangement 1. In a subsequent step, corre-
sponding intersection points of each one of the sensors
11,12, 13, 14 are transformed into a common coordinate
system, such as the vehicle coordinate system, and
matched by amending, modifying or adjusting the extrin-
sic parameters of each one of the sensors such that the
error between the corresponding intersection points is
minimized. For minimizing, the root means square be-
tween the corresponding intersection points may be min-
imized or the minimization may be performed by the Lev-
enberg-Marquardt algorithm. After the method is per-
formed, the coordinate systems of each one of the sen-
sors in view of the vehicle coordinate system are cali-
brated, such that objects from one coordinate system
may be transformed into the other coordinate system
and/or the vehicle coordinate system. Thus, a real object
is located at the same location in the vehicle coordinate
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system based on two or more different sensors 11, 12,
13, 14 of the sensor arrangement 1. This calibration
method is fast and reliable and does not need a prede-
fined pattern or markers, as it uses features in the ob-
tained scene. It should be noted that two or more sensors
11,12, 13, 14 of the sensor arrangement 1 should obtain
the same features to calculate corresponding intersec-
tion points in the scene. Thus, the sensor should have,
at least partially, an overlapping field of view. Further,
the method can be performed or executed by a control
module of the vehicle 2.

[0050] Alternatively or in addition the sole sensors 11,
12, 13, 14 may comprise multiple layers. In this case, the
method may be performed for each layer separately.
Thus, the method may be performed layer by layer.
[0051] It should be noted that the method may be per-
formed indoors, like in a garage, but is not limited to.
Since the method uses flat surfaces as features in the
scene, the obtained environment data should comprise
sufficiently flat surfaces.

[0052] Fig. 2 shows a vehicle 2 with a control module
20 and two sensors 11, 12 in a side view. The control
module 20 may perform the above and hereinafter de-
scribed method for calibrating the sensor arrangement.
The control module 20 may perform the method for cal-
ibrating the sensor arrangement in predefined time inter-
vals, such as every day, week or month, or the method
may be triggered by replacing one of the sensors of the
sensor arrangement 1.

[0053] Fig. 3 shows a flow diagram of a method for
calibrating a sensor arrangement. In the first step S1, at
least two sensors of the sensor arrangement (for exam-
ple LIDAR sensors) obtain data of the environment (depth
information). In step S2, surface points are determined
(for each sensor), wherein the surface points are part of
aflat surface such as awall or a ceiling. In step S3, planes
are fitted through the determined surface points of each
sensor. Then, in step S4, coordinates of intersection
points are determined, at which three different planes
(defined in step S3) intersect. In step S5, the sensor ar-
rangement is calibrated and the extrinsic parameters of
each one of the sensors of the sensor arrangement are
determined, amended and/or adjusted by matching the
corresponding intersection points of the different sensors
of the sensor arrangement.

[0054] Fig. 4a shows a diagram of obtained environ-
ment data of a sensor of the sensor arrangement layer
by layer. In Fig. 4b only surface points, which are a part
of a flat surface are represented. Thus, the detected
points from Fig. 4a were determined as surface points.
The coordinate axis X, y, z define the space around the
vehicle and the scale represents the distance in meters.
The surface points are represented in different shades
of grey according to the layer of the sensor. Further, the
sensor arrangement is located indoors, thus, several sur-
face points may be determined by the sensor, which are
part of the walls and the ceiling. A similar representation
may be determined for each one of the sensors of the



11 EP 3 550 326 A1 12

sensor arrangement. In Fig. 4c the surface points of each
layer of the sensor are assigned to common surfaces. In
Fig. 4c each surface point belonging to the same surface
is represented by the same shade of grey.

[0055] Fig. 5 shows a diagram with detected surfaces,
which are determined by fitting a plane through the de-
termined surface points from one sensor of the sensor
arrangement.

[0056] Fig. 6 shows a diagram in which all planes of
all sensors of the sensor arrangement are fitted through
the surface points, which are represented in Figs. 4a to
4c and Fig. 5. Each of the planes is represented by an-
other shading or pattern. Further, it is shown that the
different planes have a different orientation in the space,
which is defined by the coordinate axis x, y, z. The planes
may represent a wall or a ceiling of the environment of
the sensor. Further, intersection points, which are de-
fined by three planes are observable in Fig. 6. These
intersection points may be used to calibrate the sensors
of the sensor arrangement and determining the extrinsic
parameters of the sensors if the sensor arrangement by
matching the corresponding intersection points between
the multiple sensors of the sensor arrangement.

[0057] Fig. 7 shows eight diagrams all of which are
based on the obtained environment data from the sensor,
wherein the environment data for generating these dia-
grams are obtained simultaneously. The x-axis of the di-
agrams is the scanning angle of the sensor starting by
0° going to 360° (thus completely around). Starting at the
left upper diagram going to the right, the three first dia-
grams show the distances (depth) in meters of the sensor
to the object which reflects the laser beam of the sensor
over the scanning angle. This distance is plotted in me-
ters [m] separately for each Cartesian coordinate axis,
thus, x, y and z, wherein the x-axis of the sensor corre-
sponds to the width of the vehicle, the y-axis of the sensor
corresponds to the length of the vehicle and the z-axis
of the sensor corresponds to the height of the vehicle.
Further, the sensor also captures the intensity of the re-
flected laser beam, which is represented by the diagram
in the upper right corner. In the lower left corner the dif-
ferent layers of the sensor are represented, and it can
be seen, that the sensor comprises 16 different layers
(starting at 0) . Next to the diagram representing the lay-
ers, the azimuth over the scanning angle is represented.
It can be seen that the azimuth is constantly growing over
the scanning angle. The diagram on the lower right mid-
dle represents the distance from the sensor to the object
reflecting the laser beam in meters. Further, this diagram
is in cylindrical coordinates and therefore a combination
of the diagrams "Point x" and "Point y", which are ex-
plained at the beginning of this paragraph. The diagram
in the lower right corner represents the time over the an-
gle and since the sensors scans the environment starting
at 0° going to 360°, it is not surprising that the time con-
stantly increases over the scanning angle.

[0058] Fig. 8 shows further diagrams of the obtained
environment data from the sensor over the scanning an-
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gle. In the left diagram the distance (depth) in meters
between the sensor and the object reflecting the laser
beam is represented, which corresponds to the lower
middle right diagram of Fig. 7. The diagram in the middle
shows the calculated first derivative of the environment
data of the left diagram according to the depth. In the
middle diagram it can be seen that the points close to
zero may be part of a flat surface in reality, i.e. the ob-
tained scene. However, the points in the middle diagram,
which have different values to zero or have an aberration
in view of zero belong to points, which may not be part
of a flat surface. These points are more likely objects
before the wall or the ceiling and are not taken into ac-
count during calibrating the sensor arrangement. The
right diagram shows to x-y-plane from above. The points
in a straight line are walls in reality and part of a flat sur-
face. The points which belong to a flat surface are deter-
mined with the aid of the first derivative, since in the first
derivative outliner points may be easily detected, as they
show a bigger difference to zero.

Claims

1. A method for calibrating a sensor arrangement (1),
comprising the following steps:

- obtaining (S1) environment data by at least two
sensors of the sensor arrangement;

- determining (S2) surface points, which are part
of a flat surface, in the obtained environment
data, separately for each sensor of the sensor
arrangement;

- fitting (S3) planes through the determined sur-
face points, separately for each sensor of the
sensor arrangement;

- determining (S4), for each sensor of the sensor
arrangement, coordinates of intersection points,
at which three flat planes intersect;

- calibrating (S5) the sensor arrangement and
determining extrinsic parameters of the sensors
by matching corresponding intersection points.

2. The method according to claim 1,

wherein the step of determining (S2) the surface
points in the obtained environment data comprises
calculating the first derivative according to the depth
of the obtained environment data, wherein the ob-
tained environment data is represented by a function
of the depth over a scanning angle of the sensor-
arrangement.

3. The method according to claims 1 and 2,
wherein, before the step of determining (S2) the sur-
face points, the obtained environment data is filtered
to reduce noise in the obtained environment data
and the function of the depth over the scanning angle
is obtained.
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The method according to any one of the preceding
claims,
wherein the step of calibrating (S5) extrinsic param-
eters is performed by minimizing the root means
square of an error of the corresponding intersection
points.

The method according to any one of the preceding
claims,

wherein the step of calibrating (S5) extrinsic param-
eters is performed by minimizing the errors of the
corresponding intersection points with the aid of a
Levenberg-Marquardt algorithm.

The method according to any one of the preceding
claims,

wherein the sensors of the sensor arrangement com-
priase multiple layers,

wherein the method is performed separately for each
layer of the sensors.

A sensor arrangement (1) for a vehicle (2), compris-
ing:

- at least two sensors (11, 12, 13, 14); and
- a control module (20);

wherein the control module (20) is configured to cal-
ibrate the sensor arrangement (1) and to determine
the extrinsic parameters of the at least two sensors
(11, 12, 13, 14) according to the method according
to any one of the claims 1 to 6.

The sensor arrangement (1) according to 7,
wherein each one of the sensors (11, 12, 13, 14)
comprises multiple layers, and wherein the control
module (20) is configured to calibrate the sensors
(11, 12, 13, 14) layer by layer.

A vehicle (2) comprising a sensor arrangement (1)
according to one of claims 7 and 8.

A computer program element for a sensor arrange-
ment according to one of claims 7 and 8 and/or a
vehicle according to claim 9, which, when executed
by a processor, is configured to perform the method
of any one of claims 1 to 6.

A computer readable medium having sored the com-
puter program element according to claim 10.
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